Sixteen 20-year-old Scots pine (Pinus sylvestris L.) trees growing in the field were enclosed in environmentcontrolled chambers that for 4 years maintained: (1) ambient conditions (CON); (2) elevated atmospheric carbon dioxide concentration [CO 2 ] (ambient + 350 µmol mol -1 ; EC); (3) elevated temperature (ambient + 2-3°C; ET); or (4) elevated [CO 2 ] and temperature (EC+ET). Dark respiration rate, specific leaf area (SLA) and the concentrations of starch and soluble sugars in needles were measured in the fourth year.
Introduction
In evergreen conifers that retain foliage for several years, long-term progressive physiological adjustment to changing environmental conditions is possible (Wullschleger et al. 1997 ). Thus, a minor physiological adaptation to a change in environmental conditions during the course of a single season may lead to a major adjustment over several growing seasons (Ceulemans and Mousseau 1994) . Therefore, needle longevity may be an important factor in the ecophysiological adaptation of conifers to environmental change.
Several studies have examined the effect of needle age on photosynthetic responses to elevated atmospheric carbon dioxide concentration [CO 2 ] (Bazzaz et al. 1993 , Wang et al. 1995 , Besford et al. 1998 , Tjoelker et al. 1998 , Turnbull et al. 1998 , Gielen et al. 2000 , Jach and Ceulemans 2000a . Tissue et al. (2001) have shown that current-year needles are more responsive to elevated [CO 2 ] than 1-year-old needles, demonstrating that needle age affects the photosynthetic response to elevated [CO 2 ]. It has also been suggested that elevated [CO 2 ] accelerates the natural decline in photosynthetic capacity associated with leaf aging and senescence (Pearson and Brooks 1995, Sicher and Bunce 1997) .
The effect of needle age on foliar respiration has also been well studied (Ceulemans and Impens 1979 , Gowin et al. 1980 , Linder 1981 , Teskey et al. 1984 , Matyssek and Schulze 1988 , Brooks et al. 1991 , and a common conclusion is that younger needles have higher respiration rates than older needles. However, little is known about the effects of needle age on foliar respiration of trees exposed to elevated [CO 2 ] (Ryan et al. 1996) , although such effects can be expected (Jach and Ceulemans 2000b) . The main aim of this study was to determine the effects of needle age and elevated [CO 2 ] and temperature on needle respiration in Scots pine (Pinus sylvestris L.).
Materials and methods

Site and treatments
Experiments were performed in a naturally seeded stand of Scots pine located near the Mekrijärvi Research Station (62°47′ N, 30°58′ E, 145 m a.s.l.), University of Joensuu, Finland. The trees were approximately 20 years old, with a mean height of 3.5 m. The soil is a sandy loam with a water-retention value of 40 mm at field capacity and 20 mm at the wilting point for the top 30 cm. More details about the site are provided in Wang et al. (1996) and Kellomäki and Wang (1997) . The chambers had eight sides and an internal volume of approximately 26.5 m 3 , and covered a ground area of 5.9 m 2 . The four walls facing south and west were constructed of doublewalled heating glass (K-glass + AS Green, Eglas Oy, Imatra, Finland) and the four north-and east-facing walls were constructed of dual-layer acrylic sheets (Standard 16 mm PMMA). Unfiltered air was fed into the chamber through a duct approximately 3.5 m above ground, and the air flow was measured periodically with a hot wire anemometer and adjusted with a butterfly valve. A computer-controlled heat exchanger linked to a refrigeration unit (CAJ-4511YHR, L'Unite-Hermetique, France) was installed in the top of each chamber (Kellomäki and Wang 1998a) . The temperature and [CO 2 ] inside each chamber were adjusted with the computer-controlled heating and cooling system and a set of magnetoelectric valves (controlling the pure CO 2 supply) to follow the ambient conditions or to achieve a specific elevation of atmospheric [CO 2 ] (+350 µmol mol -1 ) or temperature (2°C during the growing season (April 15 to September 15) and 6°C outside of the growing season (September 16 to April 14)). During winter, the warming treatments were designed to correspond to the warmest winter predicted for the site after a doubling of atmospheric [CO 2 ] (Hänninen 1995) . The [CO 2 ] was elevated throughout the year. More details on the controlled environment chambers have been reported elsewhere .
Respiration measurements
Dark respiration was measured six times from the end of June to the end of September 2000 with a portable infrared gas analyzer (LCA-4, Analytic Development, U.K.). Gas exchange parameters were recorded after the difference in CO 2 between the reference and the sample cuvette had stabilized. All measurements of dark respiration were performed 1 h after sunset on attached needles at the growth [CO 2 ] and were completed within 6-8 h. The [CO 2 ] of air outside the cuvette during respiration measurements was maintained the same as that inside the cuvette. Respiration was measured in needles of three age classes (current-year, 1-year-old and 2-year-old needles) on the secondary branches in the fourth whorl from the top of the tree crown. Successive measurements were made on the same foliage samples with six fascicles (12 needles). Before gas exchange measurements were performed, a set of needles similar to those to be measured were detached and their area determined with a scanner and the winNEEDLE program (Version 4.0, Régent Instruments, Québec City, Canada). Needles were then dried at 80 °C for 48 h and weighed.
Analysis of carbohydrate concentration
After the respiration measurements had been made on July 30, August 20 and September 10, approximately 2 g each of current-year and 1-year-old needles from neighboring branches were harvested, immediately frozen at -40°C, transported to the University of Joensuu and stored at -80°C until processed for carbohydrate analysis. Concentrations of soluble sugars (sum of glucose and fructose after hydrolysis) and starch were analyzed by the method of Steen and Larsson (1986) . Concentrations were expressed in mg g -1 dry mass.
Statistical analysis
The effects of needle age and environmental treatments on respiration rate, specific leaf area (SLA) and concentrations of starch and soluble sugars were analyzed with a two-way ANOVA. Needle age and environmental treatments were used as fixed factors in the analysis. A one-way ANOVA was used to examine the significance of the relative differences in respiration, on both needle area (R A ) and dry mass (R M ) bases, and SLA between needle age classes in the different treatments. The Tukey method of post hoc pairwise multiple comparisons was adopted to compare the differences between the CON treatment and the EC, ET and EC+ET treatments. The interrelationships between parameters were examined by linear regression analysis. All tests were based on a 0.05 significance level.
Results
Respiration
Within needle age classes, needle respiration relative to CON, on either an area or a dry mass basis, was lower in EC on all sampling occasions, but higher in ET and EC+ET ( Figure 1 ). However, the reduction in respiration in EC relative to CON was smaller in current-year needles than in older needles (1-year-old or 2-year-old needles), whereas increases in respiration in ET and EC+ET were greater in current-year needles than in older needles ( Figure 2 ). When respiration rates were pooled over all sampling dates, the area-based rates (R A ) relative to CON for the current-year, 1-year-old and 2-year-old needles were 16, 21 and 20% lower, respectively, in EC; 27, 16 and 18% higher, respectively, in ET; and 15, 7 and 10% higher, respectively, in EC+ET. Mass-based respiration rates (R M ) relative to CON for current-year, 1-year-old and 2-year-old needles were 24, 40 and 35% lower, respectively, in EC; 34, 22 and 25% higher, respectively, in ET; and 22, 10 and 15% higher, respectively, in EC+ET. Thus, elevated [CO 2 ] had a greater effect on respiration in the two older needle age classes than in the current-year needle age class, but elevated temperature had a greater effect on current-year needles than on older needles. Overall, respiration was significantly reduced by elevated [CO 2 ] but significantly increased by elevated temperature and the combination of elevated [CO 2 ] and temperature (Table 1) .
There was no significant difference in respiration between needles in the ET treatment and those in the EC+ET treatment (P > 0.05). Needle age had a significant effect on respiration rate (Figure 1, Table 1 ); i.e., current-year needles had significantly higher respiration rates than both 1-and 2-year-old needles when calculated on either an area (P < 0.05) or a dry mass ba-sis (P < 0.05). However, there was no significant difference in respiration rates between 1-and 2-year-old needles on either an area (P > 0.05) or a dry mass basis (P > 0.05). Both elevated [CO 2 ] and elevated temperature increased the relative difference in respiration between needle age classes ( Figure 3 , P < 0.05): the mean difference between current-year and 1-yearold needles was 19, 23, 30 and 26% on an area basis and 35, 48, 44 and 43% on a dry mass basis in the CON, EC, ET and EC+ET treatments, respectively; the mean difference between current-year and 2-year-old needles was 26, 33, 34 and 30% on an area basis and 46, 54, 52 and 48% on a dry mass basis in the CON, EC, ET and EC+ET treatments, respectively.
Overall, both treatment and age had a significant effect on respiration, and there was a significant interaction between needle age and treatment, with age having a greater effect than treatment on respiration (Table 1) .
Needle respiration in each treatment followed growth temperature fluctuations (Figure 1 ). Temperature response curves for the different needle age classes and treatments showed that from the end of June to the end of September, respiration rates increased exponentially with temperature ( Figure 4 Figure 2. Relative differences in respiration between environmental treatments (EC, ET and EC+ET) and the control (CON) treatment in current-year, 1-year-old and 2-year-old needles on six measurement occasions. Respiration is expressed on both needle area (R A ) and dry mass bases (R M ). Abbreviations: EC-CON, ET-CON and EC+ET-CON denote the relative differences between the EC and CON treatments, the ET and CON treatments and the EC+ET and CON treatments, respectively. Table 1 . Results of ANOVA to test significance of differences in respiration on both a needle area (R A ) and a dry mass basis (R M ), specific leaf area (SLA) and starch and soluble sugar concentrations of Scots pine needles under elevated CO 2 (EC), elevated temperature (ET) and a combination of elevated CO 2 and temperature (EC+ET). Data were taken during middle and late stages of the growing period. The dependent variables are R A , R M , SLA, starch and sugar. The independent variables are treatment (EC, ET and EC+ET) and age. When the interaction between age and treatment was significant, two-way ANOVA for EC, ET and EC+ET were conducted separately. The P-values from the F-test are shown. Significance levels: ns = not significant (P > 0.05); * = P < 0.05; ** = P < 0.01; and *** = P < 0.001. Table 2 . The R-squared values in all treatments ranged from 0.82 to 0.97 (Table 2) . Relative to CON, area-based respiration at 20°C of current-year, 1-year-old and 2-year-old needles was reduced by 18, 23 and 21%, respectively, by EC, and by 3, 13 and 10%, respectively, by ET, indicating a downward acclimation of respiration to long-term elevated temperature. Moreover, the older needles showed the greatest degree of acclimation. The Q 10 of respiration differed between needle age classes and treatments (Table 2) , being higher in current-year needles than in older needles in all treatments. Compared to CON, EC increased Q 10 by 2, 3 and 6% in the current-year, 1-year-old and 2-year-old needles, respectively, whereas ET reduced Q 10 by 17, 19 and 21%, respectively.
Source of variation
Carbohydrate concentrations
The concentrations of both starch and sugar were significantly increased by elevated [CO 2 ], whereas they were reduced by elevated temperature (Table 1) . Needle age also affected starch and soluble sugar concentrations (Table 1) . One-year-old needles had higher starch and sugar concentrations than current-year needles in all treatments at all sampling dates (Figure 5) . The starch concentrations in the current-year and 1-year-old needles were, on average, 31 and 33% higher, respectively, in EC than in CON, but 26 and 31% lower, respectively, in ET and 7 and 8% lower, respectively, in EC+ET. Relative to CON, sugar concentrations in current-year and 1-year-old needles averaged 21 and 25% higher, respectively, in EC, but 26 and 24% lower, respectively, in ET and 19 and 18% lower, respectively, in EC+ET. Apparently, elevated [CO 2 ] and temperature had, in most cases, the same relative effect on starch and sugar concentrations in needles of different age classes.
Specific needle area (SLA)
Needle age and all treatments except EC+ET had a significant effect on SLA, but there was no significant interaction between needle age and treatment ( Figure 6 , Table 1 ). Current-year needles had higher SLA than older needles (Figure 6 ).
Needle age apparently had no effect on relative differences in SLA between treatments. Thus, for example, relative to CON, EC reduced mean SLA by 10, 11 and 13% in current-year, 1-year-old and 2-year-old needles, respectively, whereas in the corresponding age classes, ET increased mean SLA by 10, 11 and 13% and EC+ET by 7, 3 and 8%. The treatments did not enhance the relative difference in SLA between needle age classes: the mean differences between current-year and 1-year-old needles were 20, 19, 22 and 23% in the CON, EC, ET and EC+ET treatments, respectively; those between current-year and 2-year-old needles were 28, 31, 28 and 26%, 1244 ZHA, WANG, RYYPPÖ AND KELLOMÄKI TREE PHYSIOLOGY VOLUME 22, 2002
Figure 3. Relative differences in respiration between needle age classes on a needle area (R A ) or a dry mass basis (R M ) in each of the four treatments (CON, EC, ET and EC+ET) on six measurement occasions. The abbreviations current-one and current-two denote the relative differences between current-year and 1-year-old needles and between current-year and 2-year-old needles, respectively. respectively; and those between 1-year-old and 2-year-old needles were 7, 4, 8 and 5%, respectively.
Discussion
The observation that long-term elevation of [CO 2 ] reduced respiratory rates in expanded needles of Scots pine is consistent with the results of previous studies with Scots pine Wang 1998b, Jach and Ceulemans 2000b ) and other tree species (Curtis and Wang 1998) . The reduction of respiration by elevated [CO 2 ] may be mediated by a direct effect on respiratory enzymes, or through effects on intercellular pH, ethylene biosynthesis, or dark CO 2 fixation (Ryan 1991) . Another possibility is that respiration rates are positively related to nitrogen concentration (Wullschleger et al. 1992, Jach and Ceulemans 2000b) , which is commonly observed to decrease in needles of Scots pine grown in elevated [CO 2 ] (Kellomäki and Wang 1998b , Jach and Ceulemans 2000b , Laitinen et al. 2000 . In agreement with many previous studies (Linder 1981 , Brooks et al. 1991 , Jach and Ceulemans 2000b , age had a significant effect on needle respiration, with current-year needles having higher rates than older needles. One reason for this is that older needles are more shaded and more distant from active sinks (Sprugel et al. 1995) , factors that tend to reduce photosynthetic activity, which in turn reduces respiration (Bassman and Dickman 1992). In addition, respiration of younger needles that are still growing is related, in part, to tissue construction (Sprugel et al. 1995) . No significant difference in respiration rate was found between 1-and 2-year-old needles, suggesting that construction respiration is slight or non-existent in needles more than 1 year old.
The finding that the reduction in respiration in elevated [CO 2 ] was greater in older needles than in current-year needles is consistent with the possibility that respiratory acclimation to elevated [CO 2 ] continues over at least two growing seasons (Will and Ceulemans 1997, Jarvis 1998, Jach and 2000b). Ceulemans and Mousseau (1994) suggested that accumulation of minor, but consistent, differences in the response of trees to changes in environmental conditions within one season could, in the long run, lead to major changes over several growing seasons. Jach and Ceulemans (2000a) also suggested that this longer exposure may partly explain the greater physiological response of older needles to elevated [CO 2 ]. Elevated temperature alone and a combination of elevated [CO 2 ] and temperature both significantly increased respiration rates regardless of needle age or the basis on which respiration rates were expressed. The effect could be due to a direct effect of temperature on respiratory enzymes (Farrar and Williams 1991) , or a more general increase in metabolic rate with increasing temperature.
Elevated temperature enhanced respiration more in current-year needles than in older needles. Respiration rates in the EC+ET treatment were slightly lower than those in the ET treatment, indicating that elevated [CO 2 ] may slightly counteract the increase in respiration due to increased temperature.
The lower Q 10 value observed at the elevated temperature may be indicative of respiratory acclimation to temperature. Elevated temperature and its combination with elevated [CO 2 ] reduced respiration rates at 20°C relative to the ambient treatment, further indicating that a downward acclimation of respiration to elevated temperature occurred. This has been observed in other studies, although the degree of acclimation varies with species (Tjoelker et al. 1999) . It should be emphasized that the temperature response of respiration is here based on seasonal patterns. Therefore, the variation in both Q 10 and R 20 values reported here are associated not only with changes in temperature, but also with the time of year and the developmental stage of the needles.
Our findings that elevated [CO 2 ] significantly increased the concentrations of both starch and sugar are in agreement with previous work, supporting the view that the accumulation of carbohydrates in an atmosphere of elevated [CO 2 ] is a general phenomenon Miglietta 1994, Schäppi and Körner 1997) .
The finding that elevated temperature reduced concentrations of both starch and sugar was not surprising. Temperature elevation may be expected to increase metabolic rate and thus increase the respiration rate via adenylate control. Consequently, carbohydrates will be used at an accelerated rate. Furthermore, increased respiration and assimilate utilization may counteract the accumulation of carbohydrates in source leaves (Farrar and Williams 1991) , causing reduced accumulations of carbohydrates under conditions of elevated temperature.
We found no significant linear relationship among treatments between respiration rates and carbohydrate concentrations (Figure 7 ; P > 0.05), indicating that changes in carbohydrate concentrations in response to elevated [CO 2 ] did not cause changes in needle respiration rates in elevated [CO 2 ]. This is consistent with a number of experiments cited by Amthor (1989) in which rates of leaf respiration were unrelated to carbohydrate status. However, there were close linear relationships between respiration rates and SLA in all treatments ( Figure 7 ; P < 0.05). Therefore, we infer that the applied treatments lead to changes in leaf structure, which in turn affect respiration. Although carbohydrate concentration does not appear to be a good predictor of the respiratory response to elevated CO 2 and temperature, SLA could be.
In conclusion, long-term elevated [CO 2 ] reduced needle respiration, whereas elevated temperature increased it. The respiration response varied with needle age class. Elevated [CO 2 ] and temperature enhanced the relative difference in respiration between needle age classes, with older needles showing a greater reduction in respiration in an atmosphere of elevated [CO 2 ] and a smaller increase in respiration at elevated temperature. The explanation for the difference in respiration between needle age classes in response to elevated [CO 2 ] could lie in the length of the exposure period, whereas the differences between needle age classes in response to elevated temperature may be a result of sink activity. Downward acclimation of respiration in response to elevated temperature may therefore have occurred. The respiration measurements in our study were performed at the growth [CO 2 ] during the fourth year after treatments were initiated, and thus the respiratory changes observed resulted mainly from long-term acclimation to elevated [CO 2 ]. In addition, the measurements in our study were restricted to needles at only one particular height in the canopy, so that there is still uncertainty about the response of the entire canopy to elevated [CO 2 ] and temperature.
